Topographic and edaphic gradients usually arrange ecotonal boundaries. Although the interrelationships between vegetation and edaphic factors are relevant in most types of ecotones, they are not adequately documented. The clearly defined forest-agriculture land ecotone at the Proklest experimental site of the Training Forest Enterprise (T.F.E), Masaryk Forest Křtiny, Czech Republic presents an opportunity to investigate these inter-relationships. Our aim was to determine ecotone effects reflected by changes in soil reaction and other soil physical properties across this clearly defined forest-agriculture land ecotone. We selected eleven sampling spots: four in the forest zone, four in the agriculture land, and three in the ecotone zone between the forest and agriculture land. Every month from April to November, soil samples were collected at a depth of 5 cm. All the soil samples collected were examined for minimal air capacity, actual and potential soil reaction, and maximum capillary water capacity. The forest soil was slightly more acidic when compared to the agriculture soil, with the ecotone zone recording the lowest pH value. The maximum capillary water capacity was higher in the forest region than in the agriculture land with a sharp decline in the ecotone zone where the lowest value was recorded. The minimum air capacity was much higher in the forest region than in the agriculture land. There was a marked decline in the ecotone region where the lowest value was observed. Our results highlight the importance of soil as a factor affecting the distribution of plant communities along ecotones.
Introduction
Ecotone has been defined, explained, and identified by many scientists in various ways [1] [2] [3] . In a nutshell and from a soil science point of view, they are dynamic boundaries where soil physical and chemical properties (e.g., pH, salinity, capillary water, air capacity) change gradually due to the change in habitat and biodiversity [4] [5] [6] [7] . In recent years, ecotone is considered an imperative topic in ecological research since it is the most sensitive part of the interfered ecosystems lying between biomes. Natural ecotone is dynamic in nature and is very sensitive to environmental changes. It can shift location or grow weaker and stronger. Ecotone characteristics make it the most unstable part in any ecosystem. As reported by past studies, ecotones are more biologically diverse than nearby areas, which means they have a high conservation value [8] [9] [10] [11] [12] [13] . However, there is a lack of strong evidence to support this claim or to refute it.
Most of the studies on ecotone biodiversity have been focused on plants, birds, small mammals, insects, and, to some extent, soil fauna [14] [15] [16] . Spatial variations of soil properties across ecotones will be key in validating ecotone-dependent changes due to alteration in biological diversity from will be key in validating ecotone-dependent changes due to alteration in biological diversity from the soil's viewpoint. Land use for cropping purposes also has a significant effect on soil biochemical properties like soil pH, soil organic carbon, soil nitrogen, soil phosphorus, cation exchange capacity, and exchangeable bases [17] . The research by Rhoades (2005) on vegetation and soil characteristics across a forest ecotone provides some insight on the stability of the plant communities at forest glades. In Rhoades's study, the transition zone showed a sharp decline in soil phosphorus and nitrogen levels. On the other hand, there was a rapid increase in soil pH and extractable cations across the transition area (from forest to glade) [17] . The pH changes at the forest edge per Rhoades's study provides a suitable environment not only for certain plant species at the adjoining biomes but also for soil microbial communities [7, 17, 18] .
Soil pH is one of the most important if not the most important soil property, since it greatly affects the absorption of nutrients from the soil [19] [20] [21] . Soil surveys conducted by researchers in recent and ancient forest stands revealed significantly lower pH values in recent forest stands as compared to the ancient forest stands [22] . It is possible to attribute the lower pH values to cultivation activities resulting in the vegetative difference between the ancient and recent forest stands. This confirms the effect of soil properties on vegetation types with changing biomes [23] . The soil's ability to retain plant water (maximum capillary capacity) and the soil's aeration capacity (minimum air capacity) are crucial soil properties in addition to the soil reaction [24] [25] [26] in determining soil productivity. The present research is focused on how these soil properties tend to change across the forest-agricultural field to explain the edge effects. Although this study and that of Marfo et al., 2019, [6] stem from the same project, they were conducted at different experimental sites of the Training Forest Enterprise (T.F.E), Masaryk Forest Křtiny with different research plans.
Materials and Methods
Maximum capillary water capacity, minimum air capacity, and soil reaction were selected for analyses to determine edge effects from the soil's perspective. These soil properties were chosen because, together, they give an idea of the soil's fertility and productivity.
Sampling and Processing
Proklest experimental site of the Training Forest Enterprise (T.F.E), Masaryk Forest Křtiny, Czech Republic (GPS: 49.3162386N, 16.7725872E) was selected for the study (Figure 1 : B and C representing the soil profiles for the agriculture and forest sites, respectively). This forestagriculture land ecotone is local, narrow, and the vegetation transition is visibly sharp. Eleven sampling spots were selected at an interval of a 3-meter distance (Four spots in the agriculture land region, four spots in the forest region, and three ecotone spots). Sampling spots Z8 Eleven sampling spots were selected at an interval of a 3-meter distance (Four spots in the agriculture land region, four spots in the forest region, and three ecotone spots). Sampling spots Z8 and L2 were at the boundary of the central spot (E1) and were considered part of the ecotone zone ( Figure 2 ). Agriculture 2019, 9, x FOR PEER REVIEW 2 of 10 and L2 were at the boundary of the central spot (E1) and were considered part of the ecotone zone ( Figure 2 ). Sampling was done close to each spot at a depth of 5 cm from the Ah horizon. Samples were collected once a month from April to November 2015. The forest region is primarily composed of middle-aged Beech (Fagus) (33 years old, 550 m above sea level, 49.3162386N, 16.7725872E). The agriculture area was not under cultivation during the study period. The area had been ploughed and covered with fresh growing grass. However, it can be categorized as an arable land since it was mainly used to grow grains during the vegetative seasons of the year. Luvisols were the soils in both regions (forest and agriculture) [27] [28] [29] . The soil was sieved through a sieve of 5 mm and stored in a fridge at 4 °C [30] . Before the start of the experiments, the dry matter content of each soil sample was calculated, and the soil moisture content was maintained at 25%.
Physico-Chemical Analysis
According to the International Organization for Standardization (ISO 10390:2005) methodology, actual soil reaction and potential soil reaction were analyzed. The soil was homogenized with a 2mm sieve and kept at 5 °C, and pH tested using the pHE-04 Glass Combination pH electrode. The soil reaction (pH) was measured using the two common methods (in water and 0.01 M CaCl2) [31] . According to Novak [32] , maximum capillary water capacity and minimum air capacity were analyzed with minor modifications: soil samples collected from the Kopecky rings [33, 34] were first weighed fresh, saturated for 24 hours, given sufficient time to allow excess moisture to drain, weighed, and then dried to a constant weight (105 °C for 12 hours). The following calculations were then used to determine the maximum capillary water capacity and the minimum air capacity. Sampling was done close to each spot at a depth of 5 cm from the Ah horizon. Samples were collected once a month from April to November 2015. The forest region is primarily composed of middle-aged Beech (Fagus) (33 years old, 550 m above sea level, 49.3162386N, 16.7725872E). The agriculture area was not under cultivation during the study period. The area had been ploughed and covered with fresh growing grass. However, it can be categorized as an arable land since it was mainly used to grow grains during the vegetative seasons of the year. Luvisols were the soils in both regions (forest and agriculture) [27] [28] [29] . The soil was sieved through a sieve of 5 mm and stored in a fridge at 4 • C [30] . Before the start of the experiments, the dry matter content of each soil sample was calculated, and the soil moisture content was maintained at 25%.
According to the International Organization for Standardization (ISO 10390:2005) methodology, actual soil reaction and potential soil reaction were analyzed. The soil was homogenized with a 2-mm sieve and kept at 5 • C, and pH tested using the pHE-04 Glass Combination pH electrode. The soil reaction (pH) was measured using the two common methods (in water and 0.01 M CaCl 2 ) [31] . According to Novak [32] , maximum capillary water capacity and minimum air capacity were analyzed with minor modifications: soil samples collected from the Kopecky rings [33, 34] were first weighed fresh, saturated for 24 h, given sufficient time to allow excess moisture to drain, weighed, and then dried to a constant weight (105 • C for 12 h). The following calculations were then used to determine the maximum capillary water capacity and the minimum air capacity.
Maximum capillary water capacity ( Θ MKK ): 
Statistical Analysis
Checks on any significant site, time, and interaction (site × time) effect on data variability were done using the two-way variance analysis (ANOVA, site × time). In addition, Tukey's HSD (honestly significant difference) test at p < 0.05 level of significance was used to analyze individual effects of each factor in multiple pair comparisons of means. The processing of statistical data was performed using Past 3.1.3 (Øyvind Hammer, Natural History Museum, University of Oslo, Norway).
Results
Two-way ANOVA results showed that sampling site, time, and their interactions significantly affected soil properties ( Table 1) .
Comparisons of experimental data obtained from forest, ecotone, and agriculture land show significant differences in the values of potential soil reaction between the forest and ecotone, ecotone and agriculture land, forest, and agriculture for the month of April, June, and November. Significant differences between ecotone and agriculture land, forest, and agriculture land were also recorded for the month of May, July, August, September, and October ( Table 2) . Similar trends were observed for actual soil reaction, maximum capillary water, and minimum air capacity. The potential soil reaction (pH) ranged from 3.08 to 4.64. The highest value was measured in the agriculture land during July, while the lowest value was recorded in the ecotone region during October ( Table 2 ). Pairwise comparison from April to November showed that soil pH was significantly decreasing from agriculture land toward the ecotone forest sites throughout the year (Figure 3) .
The actual potential reaction (pH) ranged from 2.48 to 3.79. The highest value was measured in the agriculture land during June, while the lowest value was recorded in the ecotone region during April. A pairwise comparison from April to November showed that actual soil pH also followed the same trend as potential soil reaction (Figure 3 ). The potential soil reaction (pH) ranged from 3.08 to 4.64. The highest value was measured in the agriculture land during July, while the lowest value was recorded in the ecotone region during October ( Table 2 ). Pairwise comparison from April to November showed that soil pH was significantly decreasing from agriculture land toward the ecotone forest sites throughout the year (Figure 3) .
The actual potential reaction (pH) ranged from 2.48 to 3.79. The highest value was measured in the agriculture land during June, while the lowest value was recorded in the ecotone region during April. A pairwise comparison from April to November showed that actual soil pH also followed the same trend as potential soil reaction (Figure 3 ). Maximum capillary water capacity ranged from 29.78 to 2.21. The highest value was measured in the forest region in April, while the lowest value was recorded in the agriculture region in August ( Table 2) . A pairwise comparison from April to November showed maximum capillary water capacity significantly decreasing from the forest sites toward the agriculture sites throughout the year (Figure 3) .
Minimum air capacity ranged from 50.01 to 32.54. The highest value was measured in the forest region in October, while the lowest value was recorded in the ecotone region in May ( Table 2 ). The forest region shows a maximum value for minimum air capacity ( Table 2) . A pairwise comparison from April to November showed minimum air capacity significantly decreasing from the forest sites toward the agricultural sites (Figure 3) .
Principal component analysis (PCA) for treatment versus soil is depicted in Figure 4 . In this case, parameters clustering together show a similar trend, and the extent of similarity is based on the distance between them. The forest, ecotone, and agriculture sites fell on different quadrants of the PCA chart. Therefore, we can conclude that they behaved in a different way. Maximum capillary water capacity ranged from 29.78 to 2.21. The highest value was measured in the forest region in April, while the lowest value was recorded in the agriculture region in August ( Table 2) . A pairwise comparison from April to November showed maximum capillary water capacity significantly decreasing from the forest sites toward the agriculture sites throughout the year (Figure 3) .
Principal component analysis (PCA) for treatment versus soil is depicted in Figure 4 . In this case, parameters clustering together show a similar trend, and the extent of similarity is based on the distance between them. The forest, ecotone, and agriculture sites fell on different quadrants of the PCA chart. Therefore, we can conclude that they behaved in a different way. 
Discussion
The effect of sampling site and time on soil reaction variations, maximum capillary capacity, and minimum air capacity were observed in this study across a forest-agriculture land ecotone. The forest region's soil was slightly more acidic than the agriculture land [35] . This trend was also observed in our previous research in the 'Ecotone Dynamics and Stability from Soil Scientific Point of View' report where the findings show that the forest region was much more acidic when compared to the meadow area [6] . The agriculture land being slightly less acidic than the forest area in this present study, can be attributed to fertilization due to crop production. It should also be noted that the topsoil of arable lands contain much fewer iron-bearing minerals compared to that of forest soils as a result of ploughing [36] . This outcome supports Balota et al. (2015) research on soil quality of the forest converted to perennial cropping versus annuals with the latter recording lower acidity due to various factors including fertilization [37] .
However, the trend in the soil pH variations approaches the ecotone site since it depicts the edge effect with the ecotone zone registering the lowest pH value for both actual and potential acidity. Although the maximum capillary water capacity values recorded for both biomes fell within the strong water-holding capacity category [38] , the forest region was higher than that of the agriculture land. However, at the ecotone spot, there was a sharp decline recording the lowest value. This can be linked to the edge effect.
The minimum air capacity was much higher in the forest region than in the agriculture land since the structure of agriculture soils are more compacted [39] . The cumulative average recorded for the agriculture land signals poorly aerated soils with low humus levels and low microbial activity [38] . There was a marked decline in the ecotone region where the lowest value is observed by typifying the edge effect.
The maximum capillary water capacity and the minimum air capacity results obtained with the forest region, by recording the highest cumulative value, confirm high microbial activities. This agrees with previous studies by showing a significant positive effect of decreasing soil disturbance on microbial biomass [37, 40] . Entry of different xenobiotic compounds adversely affect the ecotone dynamics [36, [41] [42] [43] by altering soil enzyme activity [44] [45] [46] [47] [48] .
The trend of abrupt changes in the soil properties when the ecotone zone is approached confirms the existence of the edge effect, which supports our previous study on how these same soil properties vary across a forest-meadow ecotone [6] . This study also supports the ecotone research by Munroe 
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The trend of abrupt changes in the soil properties when the ecotone zone is approached confirms the existence of the edge effect, which supports our previous study on how these same soil properties vary across a forest-meadow ecotone [6] . This study also supports the ecotone research by Munroe [49] and Rhoades [17] , which showed sharp changes in soil properties across the forest-grassland ecotone.
Conclusions
The main feature of the research is the distinct variations in the values of the measured soil properties at the forest, ecotone, and agriculture land. The recorded values of soil reaction, maximum capillary capacity, and minimum air capacity at the ecotone zone were distinct from the adjoining biomes (forest and agriculture land), which indicates the uniqueness of the ecotone. Our results show the soil's influence on plant distribution across ecotones. This can be seen from the trend of sudden changes in the values of the soil reaction and the physical soil characteristics (maximum capillary water capacity and minimum air capacity), as the ecotone area is approached. This affirms the distinctness of ecotones and acclaimed assertion of being biologically diverse. We conclude that edaphic variables present valuable information for understanding ecotonal or edge effects. Therefore, a thorough edaphological analysis should be made part of any landscape-scale vegetation research dealing with ecotones. Funding: The Technology agency of the Czech Republic (TAČR), project no. TA04020888, "Contactless monitoring and spatio-temporally modelling variability of selected different soil characteristics" supported this work.
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